Introduction {#Sec1}
============

Myocardial ischemia/reperfusion (I/R) injury involves complex pathophysiologic events that contribute to cardiac dysfunction and cardiomyocyte death. Several therapeutic methods such as induction of preconditioning, postconditioning, and pharmacological agents have been examined to prevent or limit the I/R injury; however, the suitable treatment modalities have not been fully proved yet \[[@CR1]\]. A promising approach to solving this issue is the application of natural biomolecules or their synthetic analogs that may trigger mechanisms of endogenous cardioprotection. One of these compounds is a new adipocytokine apelin, the endogenous ligand for the G-protein-coupled APJ receptor \[[@CR2]\]. Apelin and APJ receptor are widely expressed in various organs and tissues, such as the heart, adipose tissue, lung, kidney, and adrenal glands \[[@CR3]\]. Apelin and APJ receptor have a functional role in cardiovascular development and may also participate in cardiovascular pathological processes \[[@CR4]--[@CR7]\].

The apelin precursor is translated as a 77-amino-acid pre-proprotein which is processed to C-terminal bioactive fragments including apelin-36, -19, -17, -13 (or its pyroglutamate analog \[Pyr\]^1^-apelin-13), and -12 \[[@CR8]\]. Apelin-12 (A12), one of the most potent apelin peptides, corresponds to the sequence 66--77. A12 is involved in the regulation of body fluid homeostasis and in the central control of feeding \[[@CR9], [@CR10]\]. Administration of exogenous A12 reduces arterial blood pressure in anesthetized rats due to activation of endothelial nitric oxide synthase \[[@CR11]\] and exerts a positive inotropic action in failing myocardium of rodents \[[@CR12]\]. APJ receptor is identified as a co-receptor for human immunodeficiency virus type I (HIV-I) and A12 blocks HIV-1 entry through the receptor \[[@CR13], [@CR14]\]. There is a growing body of evidence indicating protective effects of A12 in experimental myocardial ischemia and reperfusion. A12 administration improves postischemic recovery of isolated rat heart after global ischemia \[[@CR15]\]. Intravenous A12 injection after regional myocardial ischemia limits infarct size and reduces cardiomyocyte membrane damage in rats in vivo \[[@CR16]\]. Recent clinical study revealed that plasma A12 concentration is reduced early after acute myocardial infarction and remains significantly below baseline at 24 weeks \[[@CR17]\]. These facts suggest that A12/APJ system may be a promising tool in the treatment of coronary heart disease. However, apelin peptides are rapidly cleared from the circulation with a half-life of no longer than 5 min because of hydrolysis by various peptidases including angiotensin-converting enzyme 2 (ACE2) \[[@CR18], [@CR19]\]. We synthesized structural analogs of A12 which were more resistant to enzymatic degradation and evaluated their efficacy in rat heart models of I/R injury. Metabolic and functional protection afforded by A12 analogs appeared to be comparable with the effects of the native peptide A12 \[[@CR17], [@CR20]\].

Mechanisms of action of apelin peptides in I/R injury are not well understood. Traditionally they are attributed to mobilization of the PI3 K--Akt and MEK1/2--ERK1/2 salvage kinases, and inhibition of the mitochondrial permeability transition pore (mPTP) opening \[[@CR7]\]. Phosphorylation and activation of endothelial nitric oxide synthase (eNOS) are also implicated in myocardial protection afforded by apelins \[[@CR21], [@CR22]\]. Antioxidant properties of A12 and its analogs and ability of these peptides to scavenge reactive oxygen species (ROS) have not been studied so far. However, some studies imply possibility of using apelin-13 and \[Pyr\] ^1^-apelin-13 to reduce oxidative stress \[[@CR23]--[@CR25]\]. This work was designed to examine the effects of A12 and its synthetic structural analog AI on activities of Cu,Zn superoxide dismutase (Cu,Zn SOD), catalase (CAT), glutathione peroxidase (GSH-Px), a secondary product of lipoperoxidation, malondialdehyde (MDA), and ROS formation in reperfused rat heart. We used ex vivo and in vivo model of myocardial I/R injury to assess a link between a potential antioxidant defense and cardiac function recovery or infarct size limitation.

Materials and methods {#Sec2}
=====================

Chemicals {#Sec3}
---------

Peptides A12 and analog AI were synthesized by the automatic solid-phase method using an Applied BioSystems 431A peptide synthesizer (Germany) and Fmoc technology (Table [1](#Tab1){ref-type="table"}). They were purified by preparative HPLC and identified by ^1^H-NMR spectroscopy and mass spectrometry \[[@CR16]\]. Enzymes and chemicals were purchased from Sigma Chemical Co. (St Louis, MO, USA). Solutions were prepared using deionized water (Millipore Corp. Bedford, MA, USA).Table 1Structure of apelin-12 and its analog AIH-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Phe-OHApelin-12H-(**N** ^**α**^ **Me**)Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-**Nle**-Pro-Phe-OHAnalog AIThe substitutions are shown in bold

Animals {#Sec4}
-------

Male Wistar rats weighing 290--340 g were housed in cages in groups of three and maintained at 20--30 °C with a natural light--dark cycle. All animals had free access to standard pelleted diet (Aller Petfood, St. Petersburg, Russia) and tap water. The care and use of the animals were conducted in accordance with the European Convention for the Protection of Vertebrate Animals Used for Experimental and other Scientific Purposes (No. 123 of 18 March 1986).

Isolated perfused hearts {#Sec5}
------------------------

Rats were heparinized by intraperitoneal injection (1,600 IU/kg body weight) and anesthetized with urethane (1.3 g/kg body weight). Hearts were excised and immediately placed into ice-cold Krebs--Henseleit bicarbonate buffer (KHB) until contraction stopped. The aorta was then cannulated and Langendorff perfusion was performed at a constant pressure equivalent to 75 cm H~2~O for 15 min. Working perfusion was performed according to a modified method of Neely under constant left atrium pressure and aortic pressure of 20 and 100 cm H~2~O, respectively. KHB containing (in mM) NaCl 118, KCl 4.7, CaCl~2~ 3.0, Na~2~EDTA 0.5, KH~2~PO~4~ 1.2, MgSO~4~ 1.2, NaHCO~3~ 25.0, and glucose 11.0 was saturated with a mixture of 95 % O~2~ and 5 % CO~2~; pH was 7.4 ± 0.1 at 37 °C; it was passed through a 5 μm Millipore filter (Bedford, MA, USA) before use. A needle was inserted into the left ventricular (LV) cavity to register LV pressure via a Gould Statham P50 transducer, SP 1405 monitor, and a Gould Brush SP 2010 recorder (Gould, Oxnard, CA, USA). The contractile function intensity index was calculated as the LV developed pressure--heart rate product (LVDP × HR), where LVDP is the difference between LV systolic and LV end-diastolic pressure. Cardiac pump function was assessed by cardiac output, the sum of aortic output and coronary flow.

The steady-state values of cardiac function were recorded after preliminary 20 min of perfusion in working mode. The peptides were dissolved in KHB immediately prior to the experiments. Isolated hearts were randomly assigned into one of three groups:A12 (*n* = 12). After preliminary working perfusion, a 5-min infusion of 140 μM A12 at a constant flow rate of 4 ml/min was applied. Then the hearts were subjected to 35 min of normothermic global ischemia followed by 5 min of Langendorff perfusion at a flow rate of 4 ml/min with subsequent 25 min of working reperfusion. Previously we have shown that such way of A12 administration is optimal for cardiac function recovery in this experimental protocol \[20\].Analog AI (*n* = 12). A 5-min infusion of 140 μM analog AI at a flow rate of 4 ml/min was used prior to global ischemia. Further protocol was the same as for the A12 group.Control (*n* = 12). After preliminary working perfusion, infusion of KHB without peptides was applied at the same rate for 5 min before global ischemia. Then the hearts underwent reperfusion procedure as in the A12 group.

The hearts were freeze-clamped in liquid nitrogen for biochemical studies at the end of reperfusion. In separate series, the hearts were freeze-clamped after preliminary working perfusion for determination of antioxidant enzymes activity and MDA content.

Spin trap measurements in perfusate {#Sec6}
-----------------------------------

100 mM 5,5-dimethyl-1-pyrroline-*N*-oxide (DMPO) was added to aliquots of the coronary effluents collected at the end of the steady state and at 1, 3, and 5 min of the reperfusion. The effluent samples were rapidly frozen and stored in liquid nitrogen until electron paramagnetic resonance (EPR) measurements. Addition of DMPO to the effluent perfusate was used to avoid improvement of cardiac function and coronary flow by the spin trap during reperfusion \[[@CR26]\]. Varian E-109 E X-band electron spin resonance spectrometer (USA) was used for registration of EPR spectra of perfusate samples. EPR signals of DMPO spin adducts were recorded in a glass capillary tube at room temperature. Spectrometer settings were the following: magnetic field modulation of 0.1 mT, modulation of frequency of 100 kHz, microwave power of 10 mW, and microwave frequency of 9.15 GHz. DMPO-OH spin adduct concentrations were calculated as described previously using a standard solution of the spin label TEMPO (2,2,6-tetramethylpiperidine-*N*-oxyl).

Anesthetized rats in vivo {#Sec7}
-------------------------

Rats were anesthetized with 20 % urethane (120 mg/kg body wt i.p.) and artificially ventilated with a KTR-5 animal respirator (Hugo Sacks Electronik) with a volume of 2--3 ml at a rate of 70--75 breaths/min. The right jugular vein was catheterized for drug administration. The left carotid artery was cannulated for monitoring arterial blood pressure and blood sampling. Electrocardiogram (ECG) leads were placed to record HR. The chest was opened by a left thoracotomy in the fifth intercostal space, and the heart was exposed by removing the pericardium. After pericardiotomy, a 5--0 prolene ligature was placed under the left anterior descending (LAD) coronary artery; where it emerges from beneath the left atrial appendage and the ends were threaded through a small plastic tube to form a snare for reversible LAD coronary artery occlusion. Complete LAD coronary artery occlusion was confirmed by observing cyanosis of the myocardium as well as the ST-segment elevation and immediate fall in the mean arterial pressure (MAP) by 15--30 mm Hg. Arterial blood pressure was recorded with a pressure transducer (Statham p23Db, Oxnard, USA) using a polygraph Biograph-4 (St. Petersburg, Russia). The MAP, HR, and standard lead II ECG were recorded on a computer using a LabView 7.1 data acquisition system (National Instruments, USA). Arterial blood pH, partial CO~2~ pressure, and O~2~ saturation values were monitored with an ABL-30 acid--base gas analyzer (Radiometer, Denmark) and maintained at the physiological level throughout the experiment.

After 30-min stabilization of hemodynamic parameters (initial state), LAD coronary artery was occluded for 40 min to simulate regional ischemia; the duration of subsequent reperfusion was 1 h. The prepared animals were randomly assigned into one of three groups: control, A12, or analog AI. After the period of LAD coronary artery occlusion, 0.5 ml of saline was administrated by i.v. bolus injection at the onset of reperfusion in control. A12 or analog AI was administrated by i.v. bolus injection at the onset of reperfusion at a dose of 0.35 μmol/kg. Previously we have found that this dose is optimal for A12 and AI \[[@CR16]\]. The peptides were dissolved in saline before administration; the volume of injected solution was 0.5 ml.

At the end of the reperfusion, LAD coronary artery was reoccluded and 2 ml of 2 % Evans Blue solution was injected through the jugular vein to distinguish the myocardial non-ischemic area from the area at risk (AAR). In separate series of experiments, the LV area with LAD coronary artery to be occluded was freeze-clamped in liquid nitrogen in the steady state; at the end of reperfusion the AAR was freeze-clamped in liquid nitrogen for biochemical studies.

Determination of infarct size {#Sec8}
-----------------------------

After staining with Evans Blue, the heart was excised and the LV was transversely cut into 1.5-mm-thick slices which were incubated in 0.1 M sodium phosphate buffer pH 7.4, containing 1 % 2,3,5-triphenyl-tetrazolium chloride (TTC, Sigma, USA) for 10 min at 37 °C. The non-infarcted AAR was stained deep red, infarct tissue gray white, and non-ischemic area blue. The slices were fixed in 10 % formalin for 5 min. Then they were placed between two transparent glasses and captured using a scanner at 600 d.p.i. resolution; the saved images were analyzed by computerized planimetry using Imagecal software. The slices were then weighed for determination of LV weight. The AAR was expressed as a percentage of LV weight, the infarct size (IS) was expressed as a percentage of the AAR in each group \[[@CR16]\].

Determination of necrosis markers {#Sec9}
---------------------------------

At the end of the steady state and reperfusion, blood samples were collected for plasma separation and stored at −70 °C for further analysis. Plasma lactate dehydrogenase (LDH) was determined enzymatically with pyruvate as substrate using standard kits from BioSystems S.A. (Barcelona, Spain). Plasma creatine kinase MB (CK-MB) activity was assessed by an immunoinhibition method using standard kits from BioSystems S.A. (Barcelona, Spain) from the rate of NADPH formation by means of the hexokinase and glucose-6-phosphate dehydrogenase coupled reactions.

Preparation of tissue homogenate {#Sec10}
--------------------------------

Isolated perfused hearts or areas at risk excised from the LV were freeze-clamped in liquid nitrogen. The frozen tissue samples were homogenized in 50 mM Na phosphate buffer, pH 7.4 (1:10 wt/vol) using an Ultra-Turrax T-25 homogenizer (IKA-Labortechnik, Staufen, Germany). The homogenates were centrifuged at 1,000 g for 10 min at 4 °C in a Joan MR-23 centrifuge (France). The supernatants thus obtained contained the cytosolic fraction and were used for the estimation of Cu,Zn SOD, CAT, and GSH-Px activities; MDA content; and protein. The measurements were done using a Hitachi 557 spectrophotometer (Japan). Protein in the supernatants was estimated by the method of Lowry et al. \[[@CR27]\].

Determination of antioxidant enzymes activity and MDA {#Sec11}
-----------------------------------------------------

SOD activity was measured at 560 nm as the rate of suppression of nitrotetrazolium blue reduction when superoxide anion radical was generated during oxidation of xanthine by xanthine oxidase \[[@CR28]\]. For 1 unit of activity, the amount of protein was taken which provided 50 % inhibition of nitrotetrazolium blue reduction under standard conditions.

Catalase activity was determined at 240 nm by measuring the rate of H~2~O~2~ utilization as described elsewhere \[[@CR29]\] using the molar extinction coefficient for H~2~O~2~ equal to 43.6 M^−1^·cm^−1^ for the calculations. The amount of the enzyme utilizing 1 μmol H~2~O~2~ per min was taken as 1 activity unit. GSH-Px activity was measured by the modified method \[[@CR30]\] at 340 nm in the reaction mixture containing 0.85 mM glutathione reduced (GSH), 0.12 mM NADPH, 0.5 unit/ml yeast glutathione reductase, 1 mM EDTA, and 0.2 mM tret-butyl hydroperoxide as a substrate in 50 mM K,Na phosphate buffer (pH 7.4 at 30 °C). The amount of enzyme converting 1 μmol GSH per minute was taken as 1 activity unit. MDA was estimated by the standard method in the reaction with 2-thiobarbituric acid in acidic media by a formation of trimetin complex having an absorption maximum at 532 nm \[[@CR31]\].

Statistical analysis {#Sec12}
--------------------

All data are presented as mean ± SEM. Results were analyzed by one-way ANOVA followed by Bonferroni multiple range test post-hoc analysis for calculation differences between more than two groups. Comparisons between two groups involved use of the Student's unpaired *t* test. A *p* \< 0.05 was considered statistically significant.

Results {#Sec13}
=======

Effects of apelins on postischemic recovery of isolated perfused rat heart {#Sec14}
--------------------------------------------------------------------------

In the control group, contractile and pump function indices of isolated perfused rat heart at the end of reperfusion were considerably reduced compared with the steady-state values (Table [2](#Tab2){ref-type="table"}). Infusion of A12 or its structural analog AI significantly improved cardiac function recovery compared with control group. Augmented recovery of cardiac function indices in the A12 and AI groups was associated with better myocardial relaxation, as evidenced by decrease in LV diastolic pressure rise during reperfusion compared with that one in control. Additionally, treatment with peptide AI enhanced restoration of coronary flow compared with control and significantly increased LVDPxHR product recovery compared with A12.Table 2Effects of infusion of A12 or its analog AI before global ischemia on functional recovery of isolated perfused rat heart at the end of reperfusionSteady stateControlA12AILV systolic pressure (mm Hg)99 ± 171 ± 2^a^86 ± 2^ab^87 ± 4^ab^LV diastolic pressure (mm Hg)−3 ± 18 ± 1^a^4 ± 1^ab^2 ± 1^ab^LV developed pressure (mm Hg)102 ± 162 ± 2^a^82 ± 3^ab^85 ± 5^ab^Heart rate, beat (min)303 ± 1242 ± 6^a^276 ± 6^ab^279 ± 9^ab^LVDP × HR (mm Hg/min)31,301 ± 36815,337 ± 932^a^23,476 ± 125^ab^24,102 ± 219^ab**c**^Aortic output (ml/min)26 ± 32 ± 1^a^14 ± 1^ab^16 ± 2^ab^Coronary flow (ml/min)18 ± 214 ± 116 ± 117 ± 1^b^Cardiac output (ml)44 ± 415 ± 1^a^30 ± 2^ab^33 ± 3^ab^Stroke volume (μl)144 ± 162 ± 4^a^106 ± 6^ab^112 ± 6^ab^The values are expressed as means [+]{.ul} SEM. Each value represents a mean of ten experiments^a^ *p* \< 0.05 versus steady state; ^b^ *p* \< 0.05 versus control; and ^c^ *p* \< 0.05 versus A12

Effects of apelins on activities of Cu,Zn SOD, CAT, and GSH-Px; and MDA content in isolated perfused rat heart {#Sec15}
--------------------------------------------------------------------------------------------------------------

A significant decrease in myocardial activities of Cu,Zn SOD, CAT, and GSH-Px; and an increase in MDA content were observed in the control group as compared to the steady-state values (Fig. [1](#Fig1){ref-type="fig"}). A complete recovery of Cu,Zn SOD activity, and a significant increase in CAT activity was observed in the A12-treated group as compared to control group. Pre-ischemic A12 infusion, however, slightly restored myocardial GSH-Px activity and did not significantly reduce MDA level in myocardial tissue as compared to control group. Treatment with analog AI completely restored the activities of Cu,Zn SOD, CAT, and GSH-Px in reperfused hearts to the steady-state values. AI infusion also markedly reduced lipid peroxidation as evidenced by reduction in MDA content as compared to control group.Fig. 1Effects of A12 or AI infusion before ischemia on antioxidant enzyme activities and MDA content in isolated perfused rat heart. The values are expressed as means [+]{.ul} SEM. Each value represents a mean of eight experiments. St. st. (steady state): 20-min preliminary working perfusion; Cont. (control): 5-min Langendorff perfusion + 35-min global ischemia + 5-min Langendorff perfusion + 25-min working reperfusion; A12: 5-min Langendorff perfusion with 140 μM A12 before global ischemia; AI: 5-min Langendorff perfusion with 140 μM AI before global ischemia. ^\*^ *p* \< 0.05 versus steady state; ^\#^ *p* \< 0.05 versus control; and ^+^ *p* \< 0.05 versus A12

Effects of apelins on DMPO-OH adduct formation in coronary effluent of isolated perfused rat heart {#Sec16}
--------------------------------------------------------------------------------------------------

EPR spectra of the effluents consisted of the four-component narrow signals with the ratio of the intensities of 1:2:2:1 belonging to DMPO-OH adduct (Fig. [2](#Fig2){ref-type="fig"}a). The effluent DMPO-OH concentrations did not differ significantly between the groups in the steady state (Fig. [2](#Fig2){ref-type="fig"}b). A significant increase in DMPO-OH concentration was observed on early reperfusion in the control group as compared to the steady-state value. Pre-ischemic administration of A12 or AI substantially decreased DMPO-OH formation during reperfusion compared with control. In this case DMPO-OH concentrations did not differ from the steady-state values. As is known DMPO-OH adduct could arise from a decomposition of superoxide radical adduct DMPO-OOH as well as from direct trapping of OH^.^ radicals generated in the Haber--Weiss and the Fenton reactions \[[@CR32]\]. Since the detection of DMPO-OH adduct in the coronary effluent does not directly reflect ROS formation in the heart, the obtained data indicate that both peptides reduced the release of ROS-generating systems and hydrogen peroxide from myocardial tissue.Fig. 2**a** EPR spectrum of myocardial effluent of isolated perfused rat heart containing hydroxyl radical spin adducts DMPO-OH. DMPO: 5,5-dimethyl-1pyrroline-*N*-oxide. **b** Effects of A12 or AI infusion before ischemia on DMPO-OH adduct concentrations in myocardial effluent of isolated perfused rat heart. The values are expressed as means [+]{.ul} SEM. Each value represents a mean of six experiments. Steady state: the last minute of 20-min preliminary working perfusion; Reperfusion: 5-min Langendorff reperfusion after 35-min global ischemia; Control: 5-min Langendorff perfusion + 35-min global ischemia + 5-min Langendorff reperfusion; A12: 5-min Langendorff perfusion with 140 μM A12 before global ischemia + 35-min global ischemia + 5-min Langendorff reperfusion; AI: 5-min Langendorff perfusion with 140 μM AI before global ischemia + 35-min global ischemia + 5-min Langendorff reperfusion. ^\*^ *p* \< 0.05 versus control

Effects of apelins on myocardial infarction and CK-MB and LDH activities in plasma in anesthetized rats {#Sec17}
-------------------------------------------------------------------------------------------------------

The percentage ratios of AAR/LV did not differ significantly between the groups (Table [3](#Tab3){ref-type="table"}). In control group, the percentage ratio of IS/AAR was 40.5 ± 2.1 %. Administration of A12 or its analog AI at onset of reperfusion significantly reduced this index as compared to control group (by 40 and 30 %, respectively), thus indicating limitation of infarct size. There was no significant difference in the percentage ratio of IS/AAR between A12 and AI groups.Table 3Effects of A12 and analog AI administration at the onset of reperfusion on myocardial infarct size and activities of cardiac biomarkers in plasma of anesthetized ratsSteady stateControlA12AIAAR/LV wt. (%)38.6 ±1.641.5 ± 2.737.2 ± 1.5IS/AAR (%)40.5 ± 2.124.2 ± 1.9^a^27.6 ± 1.8^a^CK-MB (IU/L)274.3 ± 27.32,173.4 ± 71.0915.1 ± 131.2^ab^1,078.1 ± 53.5^ab^LDH (IU/L)91.7 ± 20.51,521.4 ± 134.4704.3 ± 133.5^ab^718.3 ± 103.4^ab^

In control group, the activity of CK-MB in plasma increased almost 8-fold by the end of reperfusion compared with the steady-state value. Treatment with A12 or analog AI reduced the activity of CK-MB isoenzyme as compared to control group by 58 and 51 %, respectively. In control group, LDH activity in plasma was 16 times higher than in the steady state. Administration of peptides caused significant decrease in LDH activity as compared to control group on average by 53 %.

The values are expressed as means [+]{.ul} SEM. Each value represents a mean of ten experiments. AAR: area at risk; LV: left ventricle; IS: infarct size; CK-MB: creatine kinase MB fraction; and LDH: lactate dehydrogenase. ^a^ *p* \< 0.05 versus steady state and ^b^ *p* \< 0.05 versus control.

Effects of apelins on activities of Cu,Zn SOD, CAT, and GSH-Px; and MDA content in the area at risk in anesthetized rats {#Sec18}
------------------------------------------------------------------------------------------------------------------------

A significant decrease in myocardial activities of Cu,Zn SOD, and GSH-Px, a slight reduction of CAT activity, and a concomitant increase in myocardial MDA content were observed in the AAR in the control group at the end of reperfusion compared with the values in steady state (Fig. [3](#Fig3){ref-type="fig"}). Intravenous administration of A12 at the onset of reperfusion completely restored activities of Cu,Zn SOD, CAT, and GSH-Px, and reduced myocardial MDA content in the AAR to the initial value. Treatment with analog AI had the similar effects on antioxidant enzyme activities and significantly decreased lipid peroxidation in the AAR at the end of reperfusion.Fig. 3Effects of A12 or AI administration at the onset of reperfusion on antioxidant enzyme activities and MDA content in the area at risk in anesthetized rats. The values are expressed as means [+]{.ul} SEM. Each value represents a mean of eight experiments. St. st. (steady state): 30-min stabilization of hemodynamic parameters; Cont. (control): 40-min LAD occlusion + i.v. saline bolus injection + 1 h reperfusion; A12: i.v. A12 bolus injection (0.35 μmol/kg) at the onset of reperfusion; AI: i.v. AI bolus injection (0.35 μmol/kg) at the onset of reperfusion. ^\*^ *p* \< 0.05 versus steady state; ^\#^ *p* \< 0.05 versus control

Discussion {#Sec19}
==========

It is well recognized that mechanisms of I/R injury include an overproduction of ROS \[[@CR33]\]. The interaction of ROS with cell membrane lipids and essential proteins contribute to myocardial cell damage, leading to depressed cardiac function and irreversible tissue injury with concomitant depletion of certain key endogenous antioxidant enzymes, e.g., SOD, CAT, and GSH-Px \[[@CR34]\]. Elevated ROS increases the probability of the mPTP opening, which is followed by bioenergetic collapse and ultimately cell death \[[@CR35]\]. The therapeutic strategies to attenuate myocardial injury induced by oxidative stress include controlled reperfusion, cardioprotective phenomena, and administration of various interventions \[[@CR36]\]. The present study demonstrates, for the first time, that effects of exogenous peptide A12 and its structural analogs AI are associated with enhanced antioxidant defense against myocardial I/R injury. This is manifested by enhancing the enzymatic antioxidant activity and inhibiting the lipid peroxidation in both experimental models (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}). In addition, the peptides are capable to decrease the generation of short-lived ROS as proved by attenuation of the DMPO-OH adduct formation in myocardial effluent of isolated rat heart (Fig. [2](#Fig2){ref-type="fig"}b). Importantly, preventing the oxidative stress by A12 and its analog AI improves cardiac function recovery or limits infarct size and promotes membrane integrity at the end of reperfusion. Therefore, these novel peptides may be considered as therapeutic interventions to diminish the progression of myocardial damage during I/R injury.

The obtained results are principally consistent with the previously described antioxidant properties of some unmodified C-terminal fragments of apelin. Apelin-13 treatment ameliorated the inhibited SOD activity and reduced ROS formation in cultured cardiomyocytes subjected to hypoxia/reoxygenation \[[@CR23]\]. In isoproterenol-treated rats, administration of exogenous apelin-13 decreased LDH activity in plasma and myocardial MDA content \[[@CR24]\]. Activation of CAT by \[Pyr^1^\]apelin-13 prevented oxidative stress-linked hypertrophy in cultured rat cardiomyocytes \[[@CR25]\]. Chronic treatment of mice with \[Pyr^1^\]apelin-13 attenuated pressure-overload-induced LV hypertrophy and decreased plasma lipid hydroperoxide concentration. These effects were associated with increased myocardial CAT activity. Reasons for the increase in antioxidant enzyme activities under the influence of apelin peptides remain unexplored. To our knowledge, there is only mention of the fact that \[Pyr^1^\]apelin-13 induced CAT mRNA but not GSH-Px expression in cultured rat cardiomyocytes \[[@CR25]\].

The enhancement of intracellular Cu,Zn SOD activity is one of the essential components of myocardial protection afforded by A12 and its analog AI. Indeed, large amounts of superoxide anion (O~2~-\*) formed during I/R injury may be diminished by the upregulation of SOD. Hydrogen peroxide (H~2~O~2~), the less toxic product of the SOD reaction, can be transformed then into water and O~2~ by CAT or into H~2~O as a result of the oxidization of reduced glutathione (GSH) into glutathione disulfide (GSSG) by GSH-Px \[[@CR37]\]. It is well documented that apelin administration leads to NO production due to activation of eNOS and upregulation of eNOS gene expression \[[@CR5], [@CR6], [@CR8], [@CR11]\]. During reperfusion, NO can be scavenged by O~2~-\* with formation of a highly reactive peroxynitrite (ONOO-) \[[@CR34], [@CR36]\]. Removing a large fraction of O~2~-\* by the increased activity of SOD may also reduce the yield of ONOO-, thus limiting nitrosyl stress. In addition, the opening of mPTP in I/R injury results in a further rise in of ROS generation \[[@CR35]\]. Probably A12 or the analog AI may attenuate this stage of oxidative stress due to the activation of Cu,Zn SOD. Thus, enhanced Cu,Zn SOD activity may play a key role in controlling levels of reactive oxygen and nitrogen species in apelin-treated hearts.

It is likely that A12 and its analog AI can reduce oxidative stress due to the antioxidant properties of NO. As is known, NO prevents mitochondrial oxygen damage and lipid peroxidation \[[@CR38]\]. The protective role of NO also includes the reduction of ROS production by neutrophils due to the inhibition of their adherence to vascular endothelia \[[@CR39]\]. Moreover, endogenous NO is involved in the upregulation of the key antioxidant enzymes, Cu,Zn SOD, CAT, and GSH-Px, which represents adaptive protective mechanism to prevent the formation of toxic quantities of reactive oxygen and nitrogen species \[[@CR40], [@CR41]\]. NO is a mediator of beneficial effects of apelin peptides consisting in a limitation of infarct size, reduction of cell membrane damage, and improvement of postischemic functional and metabolic recovery. Such interconnection is confirmed by a significant reduction or abolition of apelin action in the presence of L-NNA and L-NAME, the inhibitors of NOS, in different models of myocardial I/R injury \[[@CR21], [@CR22]\]. This approach will be useful for assessing the role of NO in the antioxidant effects of these peptides.

The fact that the modification of the natural peptide A12 does not reduce its antioxidant capacity seems important. Both peptides enhance the antioxidant enzymes activity and attenuate hydroxyl radical adducts formation during reperfusion almost equally. However, advantages of analog AI may be more apparent in situations with a prolonged exposure to peptides. Due to higher proteolytic stability, the half-life of AI in human blood plasma is ten times longer than that of the natural peptide (unpublished data). Additionally, this peptide reduces the MAP and HR to a significantly lesser degree than A12 when administered intravenously \[[@CR16]\]. We believe that the use of analog AI may be promising in clinical settings, coronary angioplasty, cardiac surgery (as an additive to cardioplegic and reperfusion solutions), and treatment of cardiac failure.

Conclusions {#Sec20}
===========

Natural peptide A12 and its synthesized analog AI reduce I/R injury when administrated before ischemia or at the onset of reperfusion acting as a pharmacological pre- or post-conditioning tools. Cardioprotective effects of the peptides include prevention or attenuation of oxidative stress by increasing the activity of antioxidant enzymes in postischemic heart, which leads to reduction of ROS formation and lipid peroxidation. Further well-controlled studies are required to assess their potential therapeutic utility in human beings.
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